Introduction
It is due to the chlorine disinfections which have started at the end of the 19th century or at the beginning of the 20th century that in advanced countries there are very few contagious diseases and low mortality of infants and old people. In Maidstone in the United Kingdom in 1897, chlorine addition was initiated to disinfect the water supply for the first time. However, it was only from the beginning of the 20th century that chlorine disinfection has been continuously used. 1 In recent years, since the pollution of river water and lake water, which are the sources of drinking water, has been progressing gradually, ozone processing or the chlorine processing for the sterilization are indispensable.
Therefore, accurate measurement of the small amount of residual chlorine in sample water is very important from the viewpoint of the safety of drinking water.
In 1992, the World Health Organization (WHO) introduced the idea of risk assessment as the guideline for drinking water quality, or as the new toxicity estimation technique for pollution by heavy metals and/or organic compounds in water and the revised "guideline values" for water contaminants were issued. 2 According to this idea, in the same year, "drinking water quality standards" were revised in Japan and in the USEPA. 1 In Japan, "Official standard methods of measurements for drinking water" were revised in 2001, considering the prevention of pollution by chemical substances and organisms and the development of the instrumental analysis techniques. The following methods are used as official methods in Japan, for the quantitative measurement of residual chlorine: 3 (1) Diethyl-p-phenylenediamine (DPD) method (a type of colorimetry: measurable range (MR) 0.05 -2.0 mg L -1 , the precision is ca. 0.1 mg L -1 in error); (2) DPD method (a type of absorptiometry: MR 0.05 -3.0 mg L . In a previous report, 5 we have shown that partially saponified (ps-) PVA is better than starch as a color indicator for iodometry, because an iodine-PVA complex is more stable than an iodine-starch complex, and the absorbance or molecular absorption coefficient of the iodine-PVA complex is higher than that of the iodine-starch complex. However, the percent recovery of iodine decreased in the range of the low iodine concentrations and at relatively high temperatures. As for coloration of the iodine-PVA complex and the iodine-starch complex, Hoshino pointed out that elevation of temperature In an iodometric titration method for iodine (or chlorine) analysis, the percent recovery of iodine (or chlorine) decreases in the low concentration region and at the relatively higher temperature range. We have shown that the percent recovery vs. concentration curve can be expressed by a simple empirical formula. The empirical formula contains parameters that depend on temperature and those parameters were obtained as a function of temperature. The empirical formula can be used as a correction function for experimental iodine (or chlorine) concentrations. By applying the correction function with the parameters to the experimentally obtained concentrations, we can estimate the reliable concentration in the low concentration region. causes color fading. 6 To the best of our knowledge, however, there have been no studies on the influence of temperature from the viewpoint of analytical chemistry. Therefore, in the present work, we have tried to find out an empirical formula to express the percent recovery vs. concentration curve and to estimate the real concentration of iodine (or chlorine) in sample solutions. The empirical formulae containing parameters were obtained as a function of temperature. We here propose a correction method (or a correction function) to obtain accurate iodine (or chlorine) concentration. Estimated concentrations agreed very well with the expected ones. Our proposed method for iodometric titration is considered comparable to the abovementioned highly sensitive DPD methods.
Experimental

Materials
Iodine, potassium iodide, sodium thiosulfate, and PVA (polyvinyl alcohol) were of analytical grade, commercially available from Wako Pure Chemical Industries, Ltd. As shown in the previous work, 5 the efficiency of ps-PVA as an indicator is greatly affected by its saponification degree (s.d.); in the present work, we used ps-PVA of s.d. = 88% and n (degree of polymerization) = 1000.
Standard reagent solution
A 0.050 mol per liter (M) iodine with KI, 200 g L -1 KI solution, 100 g L -1 PVA solution, and 0.10 M Na2S2O3 solution were prepared using the above reagents and used as stock solutions. They were diluted to the appropriate concentrations before use.
Procedures
Titrations for iodometry were carried out according to the Japanese Industrial Standard testing methods for industrial water JIS K 0101-1998 (JIS method hereafter), except for the indicator as reported previously. 5 The JIS method for the iodometry suggests that (a) a sample of water containing appropriate residual chlorine quantity (0.1 -7 mg Cl2 ≡ 0.36 -25.1 mg I2) is taken into a 300 mL Erlenmeyer flask with a ground stopper. Pure water is added to a constant volume (ca. 300 mL) and 1 g of KI plus 5 mL of (1 + 1) acetic acid is added. Then, (b) the solution in the flask with a ground stopper is shaken several times, and set for 5 min in a dark place. (c) Iodine liberated is titrated with 10 mmol L -1 sodium thiosulfate, till the solution color has become pale yellow, and 1 mL of 1% starch (in the present work, 1 mL of 10% PVA) is added as an indicator until the color has disappeared (at end point). (d) A blank test is also made using 100 mL of distilled water under the same conditions of (a) -(c) as those of sample solutions.
We have demonstrated the superiority of ps-PVA over starch in the previous work and particular attention has been paid to detection limits or detection efficiencies. Two types of titrations were carried out: (1) detection limit by concentration, and (2) detection limit by absolute weight. It was found that from the percent recovery point of view, concentration is essential. In the present work, we mainly used iodine solutions to obtain the accurate experimental values, since the real residual chlorine solutions are often easily decomposed by strong ultraviolet light and/or a trace amount of heavy metals, especially in the low concentration region. After establishing the correction method using iodine solutions, experiments for residual chlorine solutions have been carried out.
Results and Discussion
Temperature dependence of the percent recovery
We define the recovery ratio (R) as the iodine concentration (X) determined by the titration divided by the prescribed iodine concentration (X0) prepared at constant temperature. Percent recovery (Y = 100R) vs. iodine concentration curves are shown in Fig. 1 . These curves obtained by the plots of percent recovery (ordinate) and the iodine concentration (X0) (abscissa) were prepared for each temperature. All of the titration concentrations were obtained by use of ps-PVA indicator rather than by use of starch. The sensitivity of the color reaction decreases with decreasing concentration of the sample and with increasing temperature, even though ps-PVA was used. For example, almost 100% recovery was obtained at concentrations larger than around 1.6 -1.7 mg I2 L -1 (≡ 0.4 -0.5 mg Cl2 L -1 ) at 0˚C. The percent recovery (Y) decreased with decreasing concentration of iodine (X0). When iodine concentration was ca.
75%, and at concentrations less than 0.018 mg I2 L -1 (≡ 0.005 mg Cl2 L -1 ), no color was observed, that is, Y 0%. At 20˚C, color sensitivity decreased, as shown in Fig. 1 . For these percent recovery vs. iodine concentration curves, curve fitting was made using empirical formulae. As seen both in the following formula and in Fig. 1 , almost the same type of function (or formula) was obtained.
Empirical formula for percent recovery vs. concentration curves
Percent recovery vs. iodine (or chlorine) concentration curve was expressed by Eq. (1):
where Y (%) is a percent recovery. X0 is a prescribed sample concentration prepared by using a standard stock solution in unit of mg/L. Y is expressed as 
where X is an iodine (or chlorine) concentration determined by titration, and corresponds to that of X0. Those constants, p and q, are parameters and the set of parameter (p, q) is chosen to reproduce the experimental results most suitably. Ideally, the value of Y (%) should be 100, and the correction coefficient (θ) is defined as follows: θ = (100/Y). If one multiplies the correction coefficients θ by the experimentally obtained value X, the corrected value (Xc) will be given by the following equation:
Temperature dependence of the parameters Parameters p and q clearly depend on the temperature as shown in Fig. 1 . The temperature dependences of p and q were examined, the results are shown in Figs. 2 and 3 . As the extent of temperature dependence for parameter p is relatively small, the following two types of Eqs. (4) and (5) 
where T is the temperature in degrees Celsius (˚C). The parameter p given by Eqs. (4) or (5) is substituted for the p in Eq. (1) 
Using the two parameter sets of p and q, i.e., (p1(T) and q1(T)) and (p2(T) and q2(T)), we obtained corrected percent recovery curves; these were shown in Fig. 4 . As can be seen from Figs. 4 (a) and (b), both correction functions using two set of parameters (p, q) gave excellent agreement with the percent recoveries in the concentration range of 0.
in a temperature range of 0 -30˚C. No significant difference was observed between the two sets of parameters (p, q), and we adopted the simpler one, that is, the set of (p1 and q1).
Final correction formula
Finally, we will have the correction value of Xc for the experimental value X, as shown in the following empirical Eq. (8). Equation (8) was derived from Eqs. (1) and (2):
where X = X(T) in mg L -1 unit which is experimentally obtained at temperature T(˚C). p = p1(T) = 0.015, q = q1(T) = 0.102T + 2.63
In this way, we propose the correction method for the low concentration region of iodine (or chlorine) solution, more exactly, in the concentration range of 0.4 mg I2 L -1 (≡ ca. 0.1 mg Cl2 L -1 ) -3.6 mg I2 L -1 (≡ ca. 1.0 mg Cl2 L -1 ) over the temperature range of 0 -30˚C.
In iodine concentration measurements, the following three equations are important:
I2 + PVA = I2-PVA complex (coloration),
I2 + 2S2O3 2-= 2I -+ S4O6 2-
The main reason for a decrease in percent recovery in the lower concentration region of iodine at temperature T is ascribed to the equilibrium of Eq. (10), rather than Eqs. (9) complex is a function of temperature. In other words, as temperature increases, the equilibrium is shifted to the left. Another factor that affects the percent yield is the ability of human visual recognition to determine the disappearance of the colored complex. In case of chlorine analysis, an additional equilibrium equation, Eq. (12), should be considered.
That is, the transformation efficiency (θ) from chlorine to iodine should be considered. As far as θ is unity, accuracy and precision are comparable between iodine and chlorine analysis.
As for the measurement of residual chlorine concentrations, several experiments were carried out at low temperatures (0˚C and 5˚C) and 20˚C using standard residual chlorine solutions newly standardized, and nearly the same yields (percent recoveries) were obtained as those for iodine analysis. We can conclude that θ is unity even in the lower iodine concentration region at lower temperature ranges of less than 20˚C without strong UV light or heavy metals.
We should note here that our empirical equations expressed above and parameters were derived from chlorine concentrations based on real applications to estimate the residual chlorine concentrations. These parameters for chlorine concentration can be converted into those for iodine concentration (quantity), i.e., 1 mmol I2 (= 2 × 126.9 mg) ≡ 1 mmol Cl2 (= 2 × 35.5 mg) ⇔ (3.58 (1.000) mg I2 ≡ 1.000 (0.279) mg Cl2). If the iodine concentration (X(iodine) is measured in mg I2 L -1 units) is required, each of the parameters p and q for chlorine should be multiplied by conversion factor 3.58 ( p′(iodine) = 3.58p, q′(iodine) = 3.58q). The detection limit thus obtained revealed that our proposed method is comparable to the top four official methods mentioned above. In the near future, we will report that the present iodometry with iodine-PVA indicator is also applicable to the absorptiometry and that the method is as sensitive as the top four official methods stated above.
